The liberation of gravitational energy as matter falls onto a supermassive black hole at the centre of a galaxy is believed to explain the high luminosity of quasars. The variability of this emission from quasars and other types of active galactic nuclei can provide information on the size of the emitting regions and the physical process of fuelling the black hole. Some active galactic nuclei are variable at optical (and shorter) wavelengths, and display radio outbursts over years and decades. These active galactic nuclei often also show faster intraday variability at radio wavelengths 3, 4 . The origin of this rapid variability has been extensively debated 5 , but a correlation between optical and radio variations in some sources 6, 7 suggests that both are intrinsic. This would, however, require radiation brightness temperatures that seem physically implausible, leading to the suggestion that the rapid variations are caused by scattering of the emission by the interstellar medium inside our Galaxy 8, 9 . Here we show that the rapid variations in the extreme case of quasar J1819+3845 (ref. 10 ) indeed arise from interstellar scintillation. The transverse velocity of the scattering material reveals the presence of plasma with a surprisingly high velocity close to the Solar System.
The most variable extragalactic source known at radio wavelengths is the quasar J1819+3845. This quasar shows variations of factors of 4 or more on a timescale of hours, easiest interpreted as scintillation due to scattering in the interstellar medium (ISM) 10 . One can think of this scattering medium as focusing and defocusing the waves from the source, producing a pattern of dark and bright patches 11 . As we move through these patches we observe a temporal variation in intensity. In order to display this effect, the source must be small; accordingly J1819+3845 is only tens of microarcseconds in angular size (a few light months at the source redshift 0.54) 10 . As the Earth moves through the scintillation pattern, two telescopes at different locations should see a difference in the observed time of the intensity maxima and minima (Fig. 1) . A similar technique was used both by Rickett and Lang 12 Ðwho used the decorrelation of signals between telescopes to put limits on the coherence size and apparent velocity of the scintillation patches from a pulsarÐand by Jauncey et al. 13 for the other known intrahour variable PKS0405-387 14 . Compared to other intra-day variable (IDV) sources, or even PKS0405-387, the rapidity and depth of the variations in J1819+3845 make it the perfect candidate for measurement of this delay.
The observations presented here were conducted simultaneously with the National Radio Astronomy Observatory (NRAO) Very Large Array (VLA) in New Mexico, and the Westerbork Synthesis Radio Telescope (WSRT) in the Netherlands. The source showed large, rapid variations on both days (Fig. 2) . We observed a difference in the time at which the earliest peaks reach the telescopes (WSRT leads VLA). We also noted that at the end of the observations this delay reversed, such that the VLA leads WSRT. This delay, and reversal, occurred on both days. If the scattering plasma is stationary with respect to the local standard of rest (LSR), the predicted time lag from the motion of the Earth and Sun alone is ,200 s, with the signal arriving at the VLA ®rst throughout the run. This clearly cannot account for the observations, so we used the observations to solve for the velocity of the scattering plasma with respect to the LSR, transverse to the line of sight.
From a minimization of the total squared¯ux density difference we calculate the projected plasma velocity. We obtain for 7 21 (that is, the plasma moves towards west and north). We also ®tted a single time delay to ,15 minutes of data around the largest maxima, normalizing the two light curves over the time of interest to the same mean ux density. Solutions which pass through these values are consistent with the results quoted above. We plot both these results and the delays ®tted as described above in Fig. 3 . We can constrain the plasma velocity so well because at these values the predicted delay Filled and open symbols show the telescopes at the start and the end of the observation run, respectively. As the Earth rotates, the value of thè delay' in arrival of intensity extrema will change during the observation due to the changing orientation of the baseline between telescopes with respect to the vector velocity of the scintillation pattern. The delay also depends on the time of year (due to the Earth's movement around the Sun) and the relative motion of the Solar System and scattering plasma.
changes very rapidly with changes in plasma velocity. The existence of many maxima and minima in our data is important as it removes the possibility of the delayÐand the calculated plasma velocityÐ being an artefact of¯ux calibration errors. We have previously suggested 15 a velocity of the plasma screen in order to explain the change in timescale of the variations over a year. However, this was not a measurement but a mere interpretation of the data, and the velocity was poorly constrained. The preliminary result presented in ref. 15 , v RA 3 km s 21 , v dec 25 km s 21 , predicts a very different delay: from around +60 s at the beginning of the observations to around +150 s at the end.
We point out that we are measuring the transverse velocity of the local plasma, whereas in general, radial velocities are measured (using spectroscopic techniques). Also note that whereas scintillation observations of pulsars are signi®cantly affected by their own transverse velocities (up to several hundreds of km s -1 ), the effect of a transverse velocity, even as high as the speed of light, of jet features in active galactic nuclei (AGNs) is reduced to a fraction of a km s by the distances involved.
The determination of a peculiar velocity of the plasma argues that the scattering structure is discrete. This measurement of the transverse velocity of the ioinized scattering material cannot be directly compared to radial velocity measurements of HI, but we note that there is no anomalous feature known in this direction 16 . A nearby pulsar J1813+4013 has unremarkable dispersion and rotation measures (42 cm -3 pc and 47 rad m -2 ) 17 , although the medium in front of J1819+3845 may not extend to this line of sight. We have previously estimated 10 that this scattering region is located at around 20 pc from the Sun. The scatterer may be related to the Local Bubble 18 , and if so, for the reasons given above, is more likely to be a discrete structure at the boundary than the putative intervening hot gas. A small difference in the¯ux densities observed at the two telescopes (after delay correction) as the telescopes pass through different regions of scintillation is expected. The size of the scintillation patches in the direction of motion is ,4;000 s 3 25 km s 21 10 5 km. If the patches were of similar size in the direction perpendicular to this, we can estimate the difference in the intensities on a typical baseline of 6,000 km by considering the¯ux density differences between the two curves if they are shifted 6;000=10 5 3 4;000 240 s. This gives a potential 5±10%¯ux density difference (after delay correction) between the two curves. However, differences are less than 2% on both days (Fig. 2) , suggesting that the scintillation pattern is highly anisotropic, in agreement with preliminary analysis of the variation of the timescale over a year 15 . These observations may be explained by an unusually high fraction of turbulent electrons, if the electron density is that of the typical extended ISM. However, in comparison to the conditions found in highly turbulent, ionized regions, for example around OB stars 19±21 , the required conditions are very modest. The A0 star a Lyrae (Vega), which at 8 pc is within the estimated distance range for the screen, is at a projected angular separation from J1819+3845 of 38, which is only 0.4 pc. Whether the origin of the turbulent plasma could be related to mass loss from this star, or is a feature of the so-called Local Fluff 22 , remains a subject for further investigation.
Our observations prove that the variations in J1819+3845, the most extreme example of an IDV source, are due to scintillation. Yet, as this source must be extremely small, it could easily be intrinsically variable over timescales of a few months (using arguments based on we used the same antennas to nod between the source and the calibrator, observing the latter for 3 minutes every ,35 minutes. On both dates, the observations described above were bracketed with observations of the calibrator and a¯ux density calibrator (3C286). Elevation and other time-dependent gain variations at the VLA determined using the calibrator J1821+3945 were up to 3%. The data were corrected for these effects (see below). Observations in good weather at WSRT typically yield 1%¯ux density reliability. This is applicable to all but the ®rst hour of the 7 January 2001 run, when light rain caused an estimated extra 1±2% extinction. The error we quote on the result is obtained using a number of different determinations of the absolute¯ux density scale, and acceptable changes throughout the run, including: no temporal changes in gain corrections, a linear change, and gain corrections determined by observations of the calibrator, which is assumed stable. Thermal noise in 30 s is 1 mJy (WSRT) and 0.6 mJy (VLA).
the travel time of light). Consideration of relativistic out¯ow could reduce the timescale to weeks. Intrinsic variations on these timescales would be dif®cult to separate from scintillation-induced variations. We have evidence, however, that the source is remarkably stable over a period of many months, with only a slow increase in brightness over the past two years (J.D.-T. and A.G.d.B., manuscript in preparation). Scintillation in known variable sources and those with slower variations will be more dif®cult to prove directly. However, the few percent variations seen on day scales in many IDV sources 23 are likely to result from scattering of structures of tens of microarcseconds through more typical ISM 24 . This implies that most AGN have brightness temperatures no higher than 10 12 2 10 14 K, not 10 17 2 10 20 K, as would otherwise be required. Perhaps the most serious¯aw in an intrinsic explanation of the IDV phenomenon, which requires extremely small angular sizes, is that the scintillation-induced variations are predicted to dominate all the observed variability.
The lack of correlation between the strength or timescale of variations and the frequency or galactic latitude is sometimes cited as evidence against interstellar scintillation as cause for IDV (ref. 25) . However, as the variations are affected by the intrinsic size of the source, the location and motion of the effective scatterer and the season of the observations, such correlations may easily be obscured. Although the annual modulation in the variations of B0917+62 have been explained in terms of scintillation through the general Galactic ISM 26, 27 , our results on J1819+2845 show that one cannot assume that the scattering effectively occurs throughout this medium. It is noteworthy that the scattering of resolved AGN will be weighted by the material closer to the observer.
The delay in arrival times of the intensity variations at two widely separated radio telescopes proves that a propagation effect causes the extreme variations in the J1819+3845 quasar. The small size of this quasar is probably related to the unusual rising radio spectrum. The small number of sources scintillating in this manner is presumably due to a combination of an unusually small, stable source, and an atypically strong, close scatterer. However, we expect that other similar extreme IDVs will be discovered. Figure 3 The calculated delays as a function of observing time for both days of observation. The delays are calculated as a function of time from the projected baseline and velocity vector. We use a circular Earth orbit, and assume that the Sun is moving at 19.7 km s -1 towards right ascension 18 h, declination 308 (J2000). As the direction of the Sun's motion happens to be only 108 from J1819+3845, errors caused by its uncertainty are negligible. For a wide range of plasma velocities we calculated the total squared¯ux density difference, after time shifting the data according to the calculated delay. Minimizing this quantity gives the plasma velocity. The associated delays are plotted as diagonal lines. The results from a given calibration scheme produce errors of less than 1 km s -1 , but the ®nal error is dominated by calibration uncertainty. The error we quote is that obtained using a number of different determinations of the absolute¯ux density scale, and acceptable changes throughout the run. In addition, independent ®ts to portions of the data are shown with 3j error bars. The data from times with large delays are shown in the insets (red and dark blue as before, yellow showing the WSRT data after ®tting).
Mesoscopic superconductor as a ballistic quantum switch Several key experiments 1±3 have revealed a rich variety of vortex structures in mesoscopic superconductors in which only a few quanta of magnetic¯ux are trapped: these structures are polygonlike vortex`molecules' and multi-quanta giant vortices. Ginzburg±Landau calculations 4 con®rmed second-order phase transitions between the giant vortex states and stable molecule-like con®gurations 5 . Here we study theoretically the electronic structure and the related phase-coherent transport properties of such mesoscopic superconductor systems. The quasiparticle excitations in the vortices form coherent quantum-mechanical states that offer the possibility of controlling the phase-coherent transport through the sample by changing the number of trapped¯ux quanta and their con®guration. The sample conductance measured in the direction of the applied magnetic ®eld is determined by the transparency of multi-vortex con®gurations, which form a set of quantum channels. The transmission coef®cient for each channel is controlled by multiple Andreev re¯ections within the vortex cores and at the sample edge. These interference phenomena result in a stepwise behaviour of the conductance as a function of the applied magnetic ®eld, and we propose to exploit this effect to realize a vortex-based quantum switch where the magnetic ®eld plays the role of the gate voltage.
Giaever was the ®rst to notice 6 that when magnetic¯ux gets trapped in a superconductor, the small normal areas that appear in parallel with superconducting areas in¯uence transport characteristics. We ®nd that phase-coherent transport mediated by the quasiparticle Andreev states associated with these normal domains enables us to tune the probability of tunnelling through a superconductor by changing the external magnetic ®eld. We show that owing to a peculiar parity effect in the spatial distribution of the quasiparticle density of states (DOS), the ballistic conductance of a thin superconducting disk squeezed between very sharp contacts placed at the very centre of the disk (see Fig. 1 ) can alternate between ®nite and near-zero values as function of magnetic ®eld. (The quasiparticle DOS has the form of a set of coaxial cylinders of ®nite radii, with an additional central spot if the number of trapped ux quanta is odd; the centre is hollow when the number is even.) In this regime, the mesoscopic superconductor realizes a quantum vortex switch where the external magnetic ®eld plays the role of gate voltage.
We consider a thin disk of thickness d , l (where l is the London penetration depth) and radius R p l eff l 2 =d. The structure of electronic states is determined by the interplay between the quasiparticle excitations bound within the cores of trapped vortices, which can either merge into multi-quanta vortices or form vortex molecules, and quasiparticle states bound near the disk edge. We start with the quasiparticle states of a giant vortex with a certain winding number m. In macroscopic samples, multi-quanta vortices are energetically unfavourable owing to the strong repulsion between the singly quantized vortices. But in mesoscopic samples, multi-quanta formations can be stable even at H p H c2 , because Meissner currents push vortices present in the sample close together. Here H c2 is the upper critical ®eld. The winding number m 1 corresponds to a conventional single vortex which carries a singlē ux quantum © 0 p~c=jej. Low-lying core quasiparticle states have been found 7 , and can be viewed as the formation of standing quasiparticle waves owing to Andreev re¯ection of quasiparticles from the superconducting gap pro®le Dr con®ning the vortex core: the quantitative theory of the quasiparticle states is based on the Bogolubov±de Gennes equations. In s-superconductors, the a b Figure 1 Phase-coherent transport through a few-¯ux-quanta superconductor. a, Mesoscopic superconducting disk placed between the two normal metal contacts; b, ballistic conductance of a mesoscopic disk versus magnetic ®eld for large-area contacts (step-like growth of conductance) and point contacts with area less than the core radius (alternating behaviour of conductance). G 0 is a single vortex ballistic conductance for a large-area contact, G even (G odd ) is a ballistic conductance for giant vortices with an even (odd) winding number measured by a small-area contacts positioned at the disk centre. H * is the ®eld of the ®rst vortex entry. 
